ABSTRACT
Attention plays an important role in the formation of accurate feature bindings. However, the role of attention in maintaining feature bindings is not as well established. Some research supports the theory that attention is needed to maintain feature bindings in visual working memory (VWM), while other research suggests that bindings remain intact after the withdrawal of attention. Experiment 1 of current study tested this hypothesis by replicating the findings that feature bindings are more difficult to remember than individual features in a whole report change detection task. Experiment 2 directly measured attention through eye tracking and manipulated whether a change occurred to an object within the focus of attention, a previously attended object, or an unattended object. The results of Experiment 2 suggest that attention is not required to maintain feature bindings. Together, the results of the current study suggest that while feature bindings may be more difficult to remember than individual features in some instances, attention
is not required to maintain feature bindings in VWM.
INTRODUCTION
Spatial attention has long been indicated as an important factor in the formation of accurate feature bindings (Hyun, Woodman, & Luck, 2009; Prinzmetal, Presti, & Postner, 1986; Shafritz, Gore, & Marois, 2002; Treisman, Sykes, & Gelade, 1977; Treisman & Gelade, 1980; Treisman, 1999; Tsal & Lavie, 1988) . It has been proposed that the visual world can be divided into many separable dimensions (such as color, shape, or orientation), with various values (features) along these dimensions (square, blue, vertical; Treisman & Gelade, 1980) . Features of objects can be perceived preattentively; however, prior to focused attention on objects, these features are free floating, not integrated into objects (Treisman, Sykes, & Gelade, 1977; Treisman & Gelade, 1980) . In order to detect a unified object, attention must be directed toward it.
Once attention is directed to an object, it can be stored in visual working memory (VWM), a limited capacity memory system that can maintain approximately 2-4 objects (Alvarez & Cavanaugh, 2004; Eng, Chen, & Jiang, 2005; Luck & Vogel, 1997) .
However, it is unclear what happens to the feature bindings of an object after attention has been withdrawn and directed toward a new object.
There are two groups of theories that address the role of attention in feature binding maintenance. One group suggests that once attention is withdrawn from an object, the features are no longer bound to each other, and the bindings are lost (Fougnie & Marois, 2009; Treisman & Zhang, 2006; Wheeler & Treisman, 2002; Wolfe, Klempen Dahlen, 2000) . Therefore, the individual features of an unattended object in VWM can be remembered, but not the feature bindings. The second group suggests that attention is not required to maintain feature bindings and once attention is withdrawn from an object, the object can be represented in VWM as an integrated whole (Gajewski & Brockmole, 2006; Vogel, Woodman, & Luck, 2001; Johnson, Hollingworth, & Luck, 2008; Woodman & Vogel, 2008) . These two theories are the topic of interest in the current study.
Attention Is Required to Maintain Feature Bindings
Wheeler & Treisman (2002) suggested that once attention is withdrawn from an object, its features are no longer bound to one another. Evidence for this hypothesis comes from a change detection task examining performance for detecting when two objects swap features compared to when objects change to completely new features. In this experiment, an array of 2, 4, or 6 objects was presented for 150ms (study array), followed by a 900ms interstimulus interval (ISI), and then a second array (test array) of objects (whole report experiment). Participants indicated whether or not they detected a change to any of the objects from the first array to the second. Four types of changes could occur, blocked within subjects. In one block, two objects changed to colors not present on the first screen (color condition), in a second block, two objects changed to shapes not present on the first screen (shape condition), in a third, two objects changed either color or shape (2-feature condition), and in a fourth block, two objects traded features with one another (binding change condition; for example, an orange circle and a blue square in the first array may change to a blue circle and an orange square in the second array). In all conditions, half of the trials were changes and half were not; participants indicated whether they detected a change. Also, in all four conditions, all of the objects swapped locations with one another from the study array to the test array to prevent binding of individual features to locations. Wheeler and Treisman (2002) found that performance was highest for color changes, 2-feature and shape performance were equal to each other, and performance for binding changes was lowest. In a second experiment, only one object was presented on the test array (single object probe experiment). In this experiment, binding change performance was equal to shape change performance. The authors suggested that the enhanced binding performance in the single object probe relative to the whole report experiment reflected a need for attention in feature binding maintenance. In the whole report experiment, the test array was perceptually complex, so attention was needed to form new feature bindings. Attention was removed from the old items and directed toward the new array of objects, causing the removal of feature bindings from the study array. However, in the single object probe experiment, the item can be perceived more easily and attention does not need to be redirected to the new item. The authors concluded that feature bindings could be remembered as well as individual features, but only as long as attention is not removed from the bound object.
Fougnie and Marois (2009) tested the role of attention in maintaining feature bindings by introducing an attention-demanding task in the middle of a change detection
task. An array of three objects was presented for 400ms, followed by an 800ms ISI, and then a multiple object tracking (MOT) task. In the MOT task, participants were instructed to follow three moving targets within an array of distractors. When the objects stopped moving, participants were shown a single object in the center of the array and had to indicate whether that object was the same as an object in the study array at the beginning of the trial. Then, an item from the MOT task was probed, and participants indicated whether this object was a target. The types of changes that could occur between study and test were the same as in Wheeler and Treisman (2002) : a block of color changes, a block of shape changes, a block of 2-feature changes, and a block of binding changes. If attention is required to maintain feature bindings, a task that disrupts attention during maintenance should disrupt feature bindings more than individual features. Although performance was reduced in both the shape and binding conditions (relative to control trials without an MOT task) the MOT task disrupted feature bindings more than shapes.
This suggests that attention is required to maintain feature bindings in VWM. However, other research that disrupted attention between study and test has suggested that attention is not required to maintain feature bindings.
Attention Is Not Required to Maintain Feature Bindings
Johnson et al. (2008) found evidence, using a task identical to that of Wheeler and Treisman (2002) , to support the theory that attention is not required to maintain bindings. Johnson et al. (2008) replicated the design of the Wheeler & Treisman (2002) experiment, but failed to find a difference between the binding and shape condition in the whole report experiment. In addition, Johnson et al. (2008) ran a single-object probe experiment and again found that performance for binding changes was equal to that of shape changes. Furthermore, in an additional experiment, the authors attempted to distract attention by adding a visual search task during the ISI of a change detection task.
In this change detection task, colored bars could change either color or orientation in one block (2-feature condition), or two objects could swap features (binding condition). They predicted that if attention is needed to maintain feature bindings, then the visual search task should disrupt memory for bindings to a greater degree than memory for individual features. Therefore, performance for binding changes should be lower than performance 5 for either color or orientation changes. Overall, participants performed worse on the binding condition than the 2-feature condition. However, within the 2-feature condition, color change detection performance was higher than orientation performance.
Comparisons of the binding performance to the orientation trials in the 2-feature condition showed that binding performance was slightly better than orientation performance. Therefore, disrupting attention did not harm memory for bindings more than individual features, suggesting that attention is not required to maintain feature bindings. Gajewski & Brockmole (2006) also attempted to test whether attention is needed to maintain feature bindings by distracting attention. In their task, an array of objects was presented in a circle, followed by a blank screen. Then, a cue appeared in a location where an object had been present in the study array. This was followed by another blank screen, followed by a probe in a different location from the cue. Participants reported the shape, color, or shape and color (binding test) of the object that had appeared in the probed location. The authors predicted that if attention was required to maintain feature bindings, the cue should serve to distract attention from the probed object, thus removing bindings for the probed object. As a result, participants should be able to remember only one feature most of the time when asked to report both. However, participants remembered both features of a probed object as frequently as they remembered one feature, suggesting that attention is not needed to maintain feature bindings. However, it is possible that both shape and color were remembered because they were bound to their location, not each other. In fact, this is very likely because location was used to cue 6 memory, and research demonstrates that feature bindings are readily bound to their spatial locations (Treisman & Zhang, 2006) .
The Current Study
The current experiments will address the question of whether attention is required to maintain feature bindings by directly measuring attention through eye tracking. Given the conflicting results of the whole report experiments of Wheeler & Treisman (2002) and Johnson, Hollingworth, and Luck (2008) , Experiment 1 will replicate this experiment, with two changes. Instead of using set sizes of two, four, and six, performance at set sizes four, six and eight were measured. Performance at set size two was identical across all conditions for Wheeler and Treisman (2002) and Johnson, Hollingworth, and Luck (2008) . For Wheeler and Treisman (2002) , binding performance became lower than shape performance only at larger set sizes. Therefore, in the current study, set size 8 was used to test the idea that it is more difficult to remember feature bindings as set size increases. If attention is necessary for maintaining bindings in VWM, binding performance should decrease relative to individual feature performance (in this case shape, the more difficult feature to remember) with increasing set size. As set size increases, the test array becomes increasingly complex, requiring attention to form the new feature bindings. This leaves fewer attentional resources available to maintain previous feature bindings. In addition, eye movements were tracked in this experiment.
Eye movements toward an object on the study array would indicate that a single object was in the focus of attention during encoding. This seems unlikely, given that the first array is presented for only 150ms and the objects are close enough to each other that the visual detail for the objects can be perceived from a central fixation. However, to test the study array would indicate that attention is spread globally to all objects during encoding.
Experiment 2 will address the question of whether attention is required to maintain feature bindings by allowing shifts of attention during encoding (the study array). The changing object was controlled, depending on the order of fixations in the study array. In this way, attention to a changing object can be directly manipulated, in contrast to past research that attempted to disrupt attention to all objects (Johnson, Hollingworth, & Luck, 2008; Fougnie and Marois, 2009 ). Performance should be highest for all types of changes for the object within the focus of attention compared to objects not inside the focus of attention. However, if attention is required to maintain feature bindings, binding change detection performance should decrease dramatically for all objects not within the focus of attention, compared to performance for detecting changes to individual features. That is, for any object not within the focus of attention, binding changes should be more difficult to detect than single feature (shape) changes. 8
EXPERIMENT 1
Methods
Participants. Fifteen undergraduate students and one graduate (9 female, 7 male, average age 20) participated in this experiment. Undergraduate students received credit in psychology courses. All participants had normal or corrected to normal vision and normal color vision.
Apparatus. An Eyelink II head mounted eye tracker was used to track eye movements, and a chin rest was used to prevent head movements. Before every block, calibration and validation procedures were conduced and drift corrections were conducted between each trial. The SR Research Experiment Builder program was used to create and run the experiment and eye tracking data was analyzed with the Data Viewer program.
Stimuli. Ten possible shapes, in ten highly discriminable colors (see Figure 1) were used, each subtending a visual angle of approximately 0.73° (from a viewing distance of 45cm), presented in eight possible locations of a 3x3 grid (the center position never containing an object) subtending an 8.6° x 8.6° region. The same shapes and colors were used as in the Wheeler & Treisman (2002) experiment, with the addition of two colors and two shapes to accommodate an eight object set size; set sizes 4, 6 and 8 were used. The same colors and shapes never appeared twice within an array.
Four change type conditions (color, shape, 2-feature, binding; see Figure 2 ) were blocked within participants, each block containing 144 trials and 32 practice trials for a total of 576 test trials and 128 practice trials. On change trials in the color condition, two of the objects on the test array changed to new colors not present on the study array. In the shape condition, two objects changed to new shapes. In the 2-feature condition, half of the changes were color changes, while half were shape changes. On the test array, participants were probed about which type of change might have occured. In the binding condition, two of the objects traded features. For example, a blue circle and an orange square in the study array could change to an orange circle and a blue square in the test array. In all four conditions, half of the trials were change trials and half were no change trials. Set sizes of the arrays were randomly distributed within blocks (48 trials, half change and half no change, for each set size). All of the objects traded places with one
another from the first screen to the second to prevent binding of features to their locations.
Figure 1: Stimuli for Experiments 1 and 2. Ten shapes and ten colors were used to create a set of 100 objects. No two objects with the same shape or color appeared within an array.
Procedure. An array was displayed for 150ms, followed by a 900ms ISI, and then a new array of objects until a response was given. Participants indicated whether they detected a change to any of the objects by pressing two buttons on a controller, one for yes and one for no. Participants completed all four change type conditions; the order of the conditions was randomly determined for each participant.
Participants performed a verbal suppression task to prevent verbal coding of the stimuli. A subvocal a suppression task was used similar to that used by Luck & Vogel (1997) to prevent head movements from talking. Participants were presented with three random numbers (0-9) before each trial and were asked to silently repeat them during the trial. Participants reported the numbers back at the end of the trial. To report the numbers, a screen with the numbers 0-9 was displayed. Participants reported a number by looking at it until it turned red, and then pressing a button on a controller (a different button from the ones they used to report yes or no to a change).
Results
A repeated measures ANOVA with condition (color, shape, 2-feature, and binding) and set size (four, six, and eight) as within subjects factors revealed a main .11 ) at set size 4, t(15) = .22, ns; however, there was a difference at set size 6 (shape M = .63 SD = .07, binding M = .58 SD = .08), t(15) = 2.41 p < .05. This trend continued at set size 8, but the differences were not significant (shape M = .62 SD = .08, binding M = .57
Figure 2: Procedure for Experiment 1. All objects switched locations from the test array to the study array. In the color condition, two objects changed to two colors not present on the study array; in the shape condition, two objects changed to shapes not present on the study array; in the 2-feature condition, half of the trials were color changes and half were shape changes; in the binding condition, two objects traded features from the study array to the test array. In each condition, half the trials were change trials and half were no change trials. SD = .08), t(15) = 1.43 p =.17. This replicates the findings of Wheeler and Treisman (2002) , who found a difference between the shape and binding conditions at larger set sizes.
Pairwise comparisons also revealed that performance at set size 4 (M= .76 SD = .08) was better than performance at set size 6 (M= .68 SD = .09), p < .01, which was marginally higher than performance at set size 8 (M= .65 SD = .08), p =.06.
Eye movements during the presentation of the first array were measured.
Participants only made a fixation away from the center of study array on 5% of the trials.
This suggests that participants did not focus attention on any individual item during encoding, but attempted to spread attention globally to all objects in the array.
Discussion
The results of Experiment 1 are consistent with those of Wheeler and Treisman (2002) . That is, it was more difficult for participants to detect changes to feature bindings than changes to shape (the more difficult to remember feature). According to Wheeler and Treisman (2002) , this suggests that feature bindings require attention to be maintained in VWM. In addition, the difference in performance between the shape and binding conditions occurred at larger set sizes (six and eight) but not a small set size (four). As set size increases, the perceptual difficulty of forming feature binding increases. Therefore, attentional resources needed to form new feature bindings for the objects on the test array. This attention was keeping the original feature bindings together, so when attention shifted from the objects on the study array to the objects on the test array, the feature bindings of the original objects were lost. Lack of attentional resources during encoding were not assumed to be responsible for lower binding Figure 3 . Results of Experiment 1. Performance was highest for color the color condition, followed by 2-feautre condition, the shape condition, and finally the binding condition. Performance decreased with increasing set size.
performance, because if a single object is probed at test, binding performance remains as high as shape performance (Wheeler & Treisman, 2002) . This suggests that the bindings are formed during encoding, but that a whole array at test disrupts them because it requires a shift of attention. Therefore, attention is required during maintenance to keep the feature bindings together. However, some research has found that disrupting attention during maintenance does not impair memory for bindings more than single features (Johnson, Hollingworth, & Luck, 2008; Gajewski and Brockmole, 2006) , which calls this attention conclusion into question. One shortcoming of these previous studies is that attention to individual objects was not measured. In Experiment 2, attention to a changing object was measured directly through the use of eye tracking. Research indicates that people generally fixate where they are attending and a shift of attention to a new object is followed by a saccade toward it (Land, Mennie, & Rusted, 1999; Hayhoe, 2000) . Therefore, eye movements are a good measure of the locus of attention; in this experiment, fixation was used to determine if an object was attended. Participants viewed a study array of eight objects and were allowed to freely fixate objects in the array. Unlike Experiment 1, the objects were far from each other, so that it was difficult to perceive the visual details of an object from a central fixation. This encouraged serial shifts of attention in the study array. As soon as a saccade was detected within a 3.8° visual angle square around the fifth object, the screen became blank. Research has demonstrated that with the initiation of a saccade, the focus of attention has moved to the saccade target; therefore, this fifth object was considered to be the object within the focus of attention (Bays & Husain, 2008) . The four objects fixated prior to the attended were considered to be a previously attended object. Any object that was not fixated was considered an unattended object. Following the study array and an ISI, a screen with a single object in the center was presented. Participants then determined whether the color, shape, or color-shape combination had been present in the first array. If attention is required to maintain feature bindings, participants should be poor at detecting binding changes for all objects except the object that was attended when the array disappeared. However, performance should remain high for detecting changes to individual features as long as the changing object was still maintained in VWM. In contrast, if attention is not required to maintain feature bindings, performance for feature bindings should equal that of individual features (shape, the more difficult to detect feature).
The methodology of Experiment 2 allowed participants to fixate each object as long as they wanted on the study array (compared to Experiment 1, where participants had only 150ms to view all objects). However, it is possible that the fixation duration may differ as a function of lag (that is, participants may spend more time viewing the first object on each screen, and less time viewing each object after that). This may allow participants to form more durable representations for the objects at the beginning of the viewing sequence, leading to subsequent storage of this information in long-term memory (LTM). While VWM has a small capacity (3 -4 objects, Luck & Vogel, 1997) , LTM is a large capacity, robust memory system, capable of storing detailed visual information for thousands of objects (Brady, Konkle, Alvarez, & Oliva, 2008; Hollingworth, 2004) . Hollingworth (2004) suggested that visual representations of objects in on-line scene viewing is dependent on both VWM and LTM; as a person looks from object to object, information is transferred from VWM to LTM. Hollingworth (2004) found that participants were able to detect changes to the first objects viewed in a natural scene, even after viewing ten or more intervening objects (well outside the capacity of VWM), which suggests the first objects were not discarded, but rather stored in LTM. It is possible that the first objects viewed in Experiment 2 could similarly be transferred to LTM. If this is the case, displaying performance by lag should reveal a Ushaped curve, with high performance for the first and last objects fixated (reflecting good performance for information in LTM and VWM, respectively), with lower performance in the middle. Some research has suggested that in VWM tasks such the ones in the current study, it may be difficult to transfer either feature bindings or individual features into long-term memory (LTM), although repeated, consistent exposure of bindings may result in transfer to LTM (Logie, Brockmole, & Vandenbroucke, 2009 ). The question of whether either individual features or feature bindings in Experiment 2 were transferred to LTM was examined though analysis of the amount of time viewing each object and by a trend analysis for each condition. If information from the display was encoded into LTM, this may be reflected by longer viewing times for the first objects fixated and performance should reflect a quadratic trend that indicates a primacy and recency effect.
Methods
Participants. Seventeen students, 12 undergraduate students and 5 graduate students, including the author (11 female, 6 male, average age 22 years), participated in this experiment. Undergraduate students received course credit for participation. All participants had normal color vision and normal or corrected to normal vision. Stimuli. The same stimuli were used as in Experiment 1, with the exception that only set size 8 was used. In addition, all 8 objects were presented in a circle subtending 13.7° visual angle from the center of the screen (from a viewing distance of 45cm). This manipulation encouraged participants to make eye movements to individual objects, as it was difficult to perceive the visual details of the objects from a central fixation.
Apparatus. As in
Procedure. Encoding time was increased for this experiment, and was dependent upon fixations. Participants were presented with 8 objects in a circle, and were allowed to make four full fixations on the screen, and direct their eyes toward a fifth object before the onset of the ISI. A fixation was considered to have been directed toward the fifth object if it entered a square that subtended 3.8° visual angle around the object. After 900ms, a test screen was presented with one object presented in the center (see Figure 4) .
A single object, rather than a whole array, was used to control which object would be in the focus of attention at test. In addition, presenting this object in the center of the screen ensured that the feature information could not be remembered through binding to location. The object presented on the center of the screen was determined based on the order of fixations on the first screen. Specifically, the object presented on the second screen was the object at each lag (0-5) an equal number of times. Lag 0 was the object that the saccade was directed towards at the onset of the ISI, lag 1 was the object that was fixated just before lag 0, and so on, until lag 4, which was the first object fixated. All objects that were not fixated were considered unattended, and were analyzed together in their own group (labeled lag 5 for convenience). At each lag, half of the trials were change trials and half were no change; participants indicated whether they detected a change by pressing one of two buttons on a controller. Changes were grouped into four blocks, as in Experiment 1: color changes, shape changes, color or shape changes (2-feature condition) and binding changes. On the test screen, participants were asked whether the color, shape, or color-shape combination of the object was present in the first screen. In the 2-feature condition, participants were probed about either color or shape changes. Each block contained 82 trials; 10 practice trials and 72 test trials (12 at each lag, half change and half no change for each lag), for a total of 328 trials. In the 2-feauture condition, half of the trials at each lag were color trials, and half were shape trials, half of each of these were change and half were no change. The same subvocal suppression task was used as in Experiment 1. The dotted lines represent eye movements and each frame represents a fixation on a new object on the study array. This is an example of a lag 0 color change. The last object fixated (lag 0) is presented on the test array, and this object changed from red to blue (a color not present on the first screen). Dwell time on each object was also examined to determine whether features or bindings were transferred to LTM (see Figure 6) . A repeated measures ANOVA with condition (color, 2-feature, shape, binding) and lag (0, 1, 2, 3, and 4) was conducted. For lag 0, the array disappeared before the end of the fixation, so the amount of time that was spent looking at the spatial location of the object was used (that is, the amount of time looking at the object when it was on the first screen, combined with the amount of time spent looking at that spatial location during the ISI). The assumption of sphericity was violated, so a Greenhouse-Geisser correction was used. The ANOVA revealed a main longer at the object at lag 3 than the object at lag 2, p <.05; however, there were no differences in dwell time between lag 3 and lags 1 and 0. No other differences in dwell time were found. Therefore, participants tended to look longest at the first object, but the same amount of time for all objects after that. Figure 6 . Dwell Time at Each Lag. There were no differences in dwell time between any conditions. Dwell time was longest at lag 4, but remained constant for each object after that.
Results

Is Attention Required to Maintain
Discussion
The results from Experiment 2 show that across all conditions, performance dropped rapidly from lag 0 to lag 1, after which performance remained steady until lag 4.
This suggests that memory for both the features and bindings are best for an object that was attended at the onset of the change. However, there was no evidence to suggest that attention is required to maintain bindings, but not individual features: there was no difference in performance between the binding and the shape (the more difficult feature)
conditions. However, if attention was required to maintain feature bindings, the shifts of attention during encoding should have removed the feature bindings from previously attended items. That is, if a shift of attention is required to form a new feature binding (as in Experiment 2), old feature bindings should be lost (Wheeler & Treisman, 2002) .
However, this is not what occurred. Rather, feature bindings were maintained despite serial shifts of spatial location, as long as single feature information was maintained.
One alternative explanation for the results of Experiment 2 could be that attention is required to maintain feature bindings, but because the test array was a single object probe, this did not cause disruption of attention that is caused by the whole array at test (Experiment 1). However, the single object probe experiment conducted by Wheeler and Treisman (2002) did not require a shift of attention to form a new feature binding. First, only one target was presented, and it was presented in the location where participants were likely already fixating, in the center of the screen (Experiment 1 of the current study shows that participants rarely moved fixation outside of the center of the study array during encoding). The new object, therefore, should be automatically bound, requiring no shift of attention to form bindings (Treisman & Zhang, 2006) . However, in Experiment 2 of the current study, serial shifts of attention occurred during encoding. It is this shifting of attention to form bindings that should remove old feature bindings (Wheeler & Treisman, 2002) . Therefore, it is unlikely that using a single object probe in Experiment 2
was not attention-demanding enough to disrupt feature bindings. Rather, it appears that 25 some other factor is responsible for the poor binding performance found by Wheeler and Treisman (2002) and Experiment 1 of the current study.
Evidence was also found to support the hypothesis that feature bindings are not easily transferred to LTM (Logie, Brockmole, & Vandernbroucke, 2009 ). However, the evidence suggested that individual features were transferred to LTM. While performance in the shape and 2-feature conditions showed a primacy effect, this was not true in the binding condition, which suggests that the feature bindings were not as easily transferred to LTM as individual features. There was also no primacy effect for color; however, this may have been the result of ceiling effects. Performance for color remained high across all lags. It is possible that a long-term memory representation simply would not have yielded higher color performance. In addition, participants looked longest at the first object they looked at (lag 4) across all conditions, which could support encoding into a more long-term representation.
The results of Experiment 1 replicate findings that have been used to propose that attention is required to maintain feature bindings: it was more difficult to detect binding changes than shape changes. However, the results from Experiment 2 support the hypothesis that attention is not required to maintain feature bindings: binding changes were detected as well as shape changes. Experiment 2, however, encouraged shifts of attention between objects and directly controlled whether a changed item was within the focus of attention. This suggests that the results from Experiment 1 reflect a difficulty in maintaining feature bindings that is not related to attention.
One possible explanation for the disparity between Experiments 1 and 2 is that the whole array response somehow disrupts the bindings for a reason other than shifts of attention. Feature bindings may not be attention demanding, but may be more fragile and susceptible to overwriting of new information (Allen, Baddeley, & Hitch, 2006; Alvarez & Thompson, 2009; Logie, Brockmole, & Vandenbroucke, 2009 ). The whole array response screen, which contains the same number of objects as the study array, and which displays objects at test in the same locations in which objects appeared in the study array, may overwrite the binding information, but not the feature information. However, a single object response screen contains only one object, and the new bindings are in a neutral location (bindings may be more tightly bound to their spatial locations than individual features; Treisman & Zhang, 2006) , which may prevent overwriting and rebinding. Allen, Baddeley, & Hitch (2006) found that if objects were presented serially, memory for bindings at the beginning of the sequence was lower than memory for 27 individual features. However, memory for bindings at the last serial position was equal to individual feature performance. This supports the idea that bindings are more fragile and more easily overwritten than individual features; new bindings interfere with old bindings. However, these results were confounded by the fact that objects at the end of the sequence were in the focus of attention, while objects at the beginning of the sequence were not. Therefore, it was possible that a change in the focus of attention, and not a fragile binding representation, could have caused the loss of bindings for the first objects presented. However, the results from the Experiment 2 in the current study suggest that serial shifts of attention do not disrupt memory for feature bindings.
The difficulty in transferring feature bindings into LTM may also be the result of a fragile binding representation. Logie, Brockmole, and Vandenbroucke (2009) found that repeated feature bindings could be learned, but only if the feature bindings were repeated on every trial; this is likely because feature bindings are easily overwritten by the formation of new feature bindings. In the current study, individual features appeared to be more easily transferred to LTM than feature bindings. That is, a primacy effect was found in the 2-feature and shape conditions, but not in the binding condition. This may be because the fragile nature of feature bindings requires repeated exposure before bindings are encoded into LTM.
Additional experiments are required to test the hypothesis that the whole report disrupts the fragile nature of bindings, but not attention. The methodology of Experiment 2 can be adapted to test this hypothesis. After a participant looks at the final object on the screen, a mask could be presented. If the whole report methodology disrupts feature bindings because their representation is more fragile, binding performance should be 28 reduced compared to single feature performance. These results, along with Experiment 2 of the current study would suggest that attention is not required to maintain feature bindings, but bindings are susceptible to overwriting and rebinding, and are represented in a more fragile state than individual features. 29
CONCLUSION
The current study offers support for the hypothesis that attention is not required to maintain feature bindings in VWM, but that feature bindings may be easily overwritten.
Experiment 1 showed that binding memory was poorer than shape memory, while Experiment 2 did not. However, the methodology of Experiment 1 may have made it more likely that feature bindings were overwritten. This fragile nature of feature bindings could explain why memory for feature bindings has been shown in some cases to be lower than memory for individual features, and why it may be difficult to encode feature bindings into LTM. 
